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ABSTRACT 
Electroslag welding offers some noteworthy economic advantages 
over other welding processes for certain types of bridge weldments. 
However, catastrophic failures have been observed in electroslag weld- 
ments in bridges and have caused concern about the use of electroslag 
welding for critical applications such as tension members in bridges. 
This study involves the investigation of the fatigue and frac- 
ture properties of electroslag weldments removed from a currently 
existing bridge structure.  Fatigue crack propagation (FCP) behavior 
and fracture toughness were measured and used in estimations to 
determine whether existing flaws will grow in the structure under 
varying service loads. The results show that the fatigue crack 
growth rates in the weldment were similar to or slower than the rate 
in the base steel. Tensile and impact properties were compared with 
typical structural steel and found to be acceptable.  Charpy V Notched 
(CVN) and fracture toughness specimens notched at the centerline 
(CL) showed lower resistance to fracture than those notched near the 
fusionline (FL). 
Metallographic and fractographic studies were carried out to 
identify the causes of fusionline cracks found to exist in the 
bridge structure.  The cracks were found to be hot cracks caused by 
melting of the copper shoes.  TEM studies indicate that' these cracks 
have grown by fatigue.  Calculations of the conditions for failure 
indicate that fatigue crack propagation should occur, however, 
brittle fracture is unlikely under the loading conditions existing 
in the bridge. 
INTRODUCTION 
The electroslag welding process (ESW) is a single pass procedure 
originally developed during the 1950*3 in Russia for welding butt 
joints in thick plates and castings.  Around 1970 electroslag weld- 
ing began to gain acceptance as an alternate to submerged arc welding 
in the fabrication of butt joints in flange plates used in highway 
bridges. The physical set up of the electroslag butt welding process 
is shown in Figure 1.  One of the main advantages of the ESW process 
is its speed for welding thick plates (.64-20.3 cms) with a single 
i 
pass. Other advantages include soundness and low distortion of the 
2 
weld.  The primary disadvantage is the very high heat input of the 
process which results in a prolonged thermal cycle with very slow 
solidification and cooling rates. This results in an anisotropic, 
nonhomogenous, large grained weldment with an extremely large heat 
affected zone (HAZ) as shown in Figure 2. 
The Interstate 79 bridge failure that occured near Pittsburgh, 
Pennsylvania was due to cracking in a weld repair of a major electro- 
slag welded structural member. As a result, the integrity of electro- 
slag weldments have been questioned and in 1977 the Federal Highway 
Administration    prohibited the use of ESW on main structural ten- 
sion members of bridges (32). The Pennsylvania Department of Trans- 
portation inspected (using both radiography and ultrasonic testing) 
many of the main load carrying tension members in existing bridges 
that have been welded by the ESW process.  It was found that many weld- 
ments had extensive cracks near the fusion line (8). 
2 
It is well known that failures of engineering structures subjec- 
ted to repeated loads usually are caused by initiation of subcritical 
cracks and their propagation to a critical size at which unstable 
fracture occurs.  These subcritical cracks may be introduced during 
fabrication and therefore could be present when the structure is put 
into service. A critical problem that comes to mind is whether these 
cracks will propagate under the applied stresses during the service 
life of the bridge,which involves a very large number of cycles. 
In these cases the useful life of the structure is governed by 
the FCP behavior of the weldment. Hence in order to predict the 
service life of the structure and establish safe inspection intervals, 
an understanding of the rates of FCP in the weldment is essential. 
Considerable work has been done to characterize FCP behavior in 
*ith 
4.5 
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steels.  However most of these studies have been concerned wi the 
behavior of base metal rather than weldments. A few studies 
have investigated FCP in weldments-produced by gas metal arc, shielded 
metal arc and submerged arc processes, but hardly any information 
is available on the FCP of ESW.  The limited amount of conventional 
fatigue data available on ESW have indicated ESW as having an endur- 
ance limit about equivalent to that of the parent metal. 
Objectives of the Study 
The main objective of this study was to determine the fatigue 
crack growth rates near the fusion line and at the center line of the 
electroslag weldments from the 179 Meadville Bridge in Pennsylvania. 
3 
The threshold value of FCP was estimated; the Impact resistance and 
fracture toughness were determined. The causes for the observed 
fusion line cracking was studied using both metallographic and 
fractographic techniques. The end result is directed towards 
giving an estimation of the residual life of the weldments and the 
bridge as a whole. 
SPECIMEN PREPARATION 
Nondestructive inspection of the ESW joints in the 179 Meadville 
bridge was undertaken in 1979 and involved both radiographic 
and ultrasonic examination. This inspection Indicated that at least 
8 48 of the joints had cracks or defects.  Fifteen 10.2 cms diameter 
cores were drilled out from critical tension members of the bridge. 
The cores were centered on the electroslag weldments to facilitate 
testing of these joints. The cores are identified from "A" to "0" 
in decreasing order of severity of cracking. 
The core surfaces were metallographically prepared to observe 
the macroscopic and microscopic features of the weldment and the 
nature of the cracks. The surfaces were ground flat and parallel. 
They were then press-fitted into machined holes in ASTM A-36 steel 
plates and Electron Beam Welded (EBW) into place as shown in Figure 
3. EBW was chosen because of the small width of the weld. This 
procedure increased the size of the specimen by adding additional 
steel around the cores to allow for preparation of more samples. 
Each plate was then saw cut perpendicular to the welding direc- 
tion into 6 or 7 bars of 1.3 cm thickness and identified 1 to 7 as 
illustrated in Figure 4. Selected bars were notched with an electric 
discharge machine (EDM) to obtain a good stress concentration to 
start the fatigue crack. All notches were oriented parallel to the 
welding direction and along the weld centerline or near the fusion 
line so that the crack propagates in the same direction as cracks in 
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the tension flanges in the bridge (illustrated in Figure 9). 
After the EDM notch was completed, one side of each specimen 
was metallographically ground and then polished to facilitate seeing 
the crack.  Scribe lines were placed .25 cms apart in order to facili- 
tate crack growth measurements. 
After FCP data was obtained, these unbroken specimens were used 
to obtain fracture toughness data by the 3 point bending test. Knife 
edges were adhesively bonded on either side of the EDM notch to hold 
the clip gauge used in displacement measurements. After the fracture 
toughness tests, the specimens were broken open and fractographic 
studies were performed. 
METHODOLOGY AND TESTING PROCEDURES 
1. Metallography 
The surfaces of the cores were metallographically polished and 
etched with 5% nital to observe the raacrostructure and nature of the 
cracking indicated in the nondestructive inspection. 
2. Chemical Analysis 
In the ESW process, the high heat input enlarges the fusion area 
to the extent that the weld metal is diluted by about 50% with the 
base metal throughout the entire cross-section of the weldment. Due 
to this high dilution, the resulting weld metal chemistry is highly 
dependent on the base metal chemistry. Hence,in ESW, the weld metal 
chemistry cannot be controlled without carefully controlling the 
base metal chemistry. A wet chemical analysis check was carried out 
on drillings removed from the base plate, zone I and zone II of typ- 
ical ESW welds.    (Figure 14 ) 
3. Fatigue Crack Propagation 
Fatigue behavior is one of the major concerns about the use of 
ESW in bridges. The fatigue life of structural components may be 
considered to be composed of three stages: (1) Fatigue crack initi- 
ation,  (2) Fatigue crack propagation,  (3) Fracture.  Fatigue 
cracking associated with welded joints usually initiate at small 
defects at the weld surface Slid fusion line. These defects can be 
as sharp as cracks and may occur during fabrication. When defects 
exist, the useful life of the structure is governed by the propagation 
of these defects to a critical size until failure finally occurs. 
The most successful approach to the study of fatigue crack propaga- 
tion is based on linear elastic fracture mechanics (LEFM) concepts. 
The FCP behavior of metals' can be divided into three regions as 
shown in Figure 5. The behavior in region I exhibits a "fatigue 
threshold" cyclic stress intensity factor fluctuation, AK . , below 
9 
which cracks do not propagate under cyclic stress fluctuations. 
Region, II represents the FCP behavior above AK . which can be repre- 
sented by an empirical relationship proposed by Paris. 
d&        » A„n 
dN "AAK 
where        a » crack length 
N ■ number of cycles 
AK - stress intensity factor fluctuations 
A and n are constant 
AK is proportional to Ao/iia~, where Aa is the nominal stress range 
remote from the crack, and may be written as AK « YAoyna where Y is 
a correction factor and depends on the geometry of the crack 
stress. The parameter AK is representative of the mechanical driving 
force and is independent of specimen geometry. Region III shows ac- 
celerated crack growth before fast fracture. 
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The basic technique involves cycling a fatigue cracked specimen 
to a constant amplitude load fluctation. The crack length is meas- 
ured as a function of the number of cycles elapsed. The data are 
presented on a plot of crack length, "a", verses total number of cycles 
elapsed, "N", as shown in Figure 6. The growth rate, da/dN, at any 
crack length is determined by taking the slope of the curve at that 
point.  In this study, the slope was determined by the 3 point se- 
cant method. This consists of taking the slope of the line connecting 
the two points adjacent to the point of interest. The slope of this 
line is assumed to be the slope of the line tangent to the curve at 
the point of interest. It is expressed as 
[da"] ai+l ~ ai-l 
LdNJai" Vi - Ni-i 
This is illustrated in Figure 7. The fluctuations of the stress in- 
tensity factor AK which incorporates the effect of changing crack 
length and cyclic load fluctuations is calculated by the following 
expression for 4 point bending method: 
AK - V5" jLJLJi f <3/W> 
B W2 
where        a ■ crack length 
AP ■ load range 
L - moment arm 
B «■ thickness 
W ■ width 
f(a/W) = 1.99 - 2.47 (a/W) + 12.97 (a/W)2 
- 23.17 (a/W)3 + 24.8 (a/W)4 
The most commonly used presentation of FCP data is a log-log plot of 
the rate of fatigue crack growth (da/dN) and the fluctuations of 
the stress intensity factor,AK. A straight line is drawn by a least 
squares fit. The equation of the line has the form of: 
log (da/dN) - log A + n log AK, 
where A and N are constant. A computer program was run to calculate 
and plot the data. 
Testing 
Due to material limitations,four point bend specimens were util- 
ized instead of compact tension or center notched tension specimens. 
Four point bend specimens were preferred over three point bend speci- 
mens because asymmetric loading does not influence crack propogation 
pattern. The dimensions of the specimen are shown in Figure 8. 
The tests were conducted with 2 types of specimens, natural cracks 
and EDM notched specimens. The natural cracks were oriented perpend- 
dicular to the plate surface and ran parallel to the weld. Cracks 
were adjacent to the fusion line and ran through zone II in the weld. 
The orientation of the crack is denoted as TS and illustrated in 
Figure 9. The EDM crack starter notches were also used with the -•. 
notches having TS orientation and crack propagation either through 
the weld center (zone I) or adjacent to the fusion line. 
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Testing was done on the Amsler High Frequency Vibrophore. 
Relatively high stress intensity factor fluctuations (AK=25MPa>fin ) 
were required to initiate a crack from the EDM notch. Cracking was 
be enhanced by the EDM notch tip in compression.  The notch t^ip 
experiences a residual tension field when the load is released. 
This residual tensile stress enhances crack initiation when a cyclic 
load is applied. The load ratio parameter, R, which is equal to 
P  /P . .    was kept at .5 and has been shown to have negligible 
max min» e ° 
12 
effect on the rate of crack propagation in Region II. 
After crack Initiation, the load was decreased in steps by approx- 
imately 10% until the stress Intensity factor fluctuations (AK) was 
about 4 MPa»/m or the crack length greater than .25 mm. This is to 
ensure that the fatigue crack has grown through the initial plastic 
a/ 
zone.  Recording of data was stopped when  W - .7. 
In all tests the fatigue cracks were initiated and propagated 
under tension to tension sinusoidal loading at a frequency of 90 Hz. 
13 14 Previous studies  '  on steel have shown that FCP is not affected 
by the frequency or form of the cyclic stress factor fluctuations 
when conducted at room temperature in air. 
Fatigue crack extension was measured optically with a 50X Garret 
hairline microscope which had a calibrated micrometer; the apparatus 
is illustrated in Figure 10. The accuracy of measurement of any 
crack length was .00127 mm. . The accuracy of defining the crack tip 
however was .0127 mm.  A variable frequency stroke light was used 
to allow measurement of the crack tip without interrupting the test. 
11 
This eliminates the problem of overload interactions when starting 
and stopping the machine.  An automatic digital counter was utilized 
to record the number of load cycles at each crack length measurement. 
4.  Fracture Toughness 
Historically, CVN tests have been used in assessing the notch 
toughness of welds. However, the CVN specimen was too small for use 
on electroslag welds in that the area tested is the same order of 
magnitude as the grain size.  Efforts have been made during the last 
two decades to develop alternatives to the impact test for assess- 
ment of brittle fracture risk which take into account the applied 
stress level, material thickness, temperature and defect size. This 
has resulted in the development of the fracture mechanics approach 
and the introduction of K,c test for plane strain conditions, and the 
16 
use of J-Integral for elastic-plastic behavior. 
Unbroken specimens used to obtain FCP data were further utilized 
in obtaining fracture toughness estimates. Plane strain fracture 
toughness (Kj.,) tests which are described in ASTM E399  and which 
use the concepts of linear elastic fracture mechanics (LEFM) could 
not be carried out as specimens did not meet the size requirement 
(B»2.5KT„ /a A0 ) for plane strain (B is the thickness, K,„ the 
.Lt>  y * s XL* 
plane strain fracture toughness and a   the yield strength)• The J- y.s 
Integral was originally proposed by Rice  and can be defined as a 
function of the work done in loading per unit of uncracked area. 
18 This technique was further developed by Landes and Begley.   For 
12 
a plate containing a deep notch and subjected to pure bending, Rice 
found that 
J
 " bj  PdSc 
o 
where        P m load/ unit thickness 
b ■ remaining unbroken ligament 
6 ■ load line displacement of sample containing a crack. 
For the case of a 3 point bend specimen with a span to width ratio 
of four and with a deep crack ( W « .6), the above equation reduces 
to J - 2A/Bb where A is the area under the load-load point displace- 
ment curve up to the maximum load. B is the specimen thickness. 
Testing 
19 20 
Previous analyses of bridge test results  *  indicate that the 
maximum loading rate is closer to slow bend loading rates than to 
impact loading rates. The loading times in bridges are greater than 
one second and therefore a one second test was used as a conservative 
measure of the maximum strain rate experienced by bridges. 
In this study an Instron testing machine was used to obtain 
the fracture toughness data. The load-displacement curve was recorded 
on an X-Y recorder built into the instrument. A three point bend 
fixture was utilized with a span to width ratio of four. The dis- 
placement gauge was seated on the specimen to which knife edges were 
adhesively bonded on either side of the crack. The apparatus is 
shown in Figures 11 and 12.  Specimens were tested at temperatures 
13 
ranging from -40 -C to 100 C.    After the load displacement curve was 
recorded, the specimens were cooled in liquid nitrogen and broken 
open.  The uncracked ligament "b" measured from the end of the fatigue 
crack extension, and "B", the specimen thickness were measured. The 
area under the curve is calculated up to the point where the load 
drops suddenly indicating unstable crack extension. Figure 13 shows 
a typical load displacement curve and how the area was measured. 
f ■'V«7; 
The J-Integal calculated can be related to the linear elastic frac- 
21 .«>>■'■<' 
ture toughness K by the equation 
J - 1L (i-v2) 
where K is designed as K. since plane strain conditions do not exist 
. (E is the Young9 modulus and v is the Poissons ratio). There is some 
2 
controversy over the inclusion of the (1-v ) term and it has been 
excluded in the calculation of K.. as it changes the result by only 
about five percent. Therefore: 
Kj - ,/jiT 
in this investigation. 
Tensile Testing 
Standard 6.35 mm (.25 in ) buttonhead tension specimens were 
machined from a selected sample of the cores. The direction tested 
is shown in Figure 9. This orientation is the normal direction 
of applied stress under bridge service loading conditions. The speci- 
mens provided for a 25.4 mm (1 inch) gauge length. The standards 
22 
of ASTM specification E8  were followed in all testing. Tests were 
run on a 44.5 KN (10,000 lb ) capacity Instron universal tester. 
14 
Charpy Impact Testing 
Three series of CVN impact tests were conducted on the electro- 
slag weldment.  The first series involved the evaluation of the 
impact properties at -17.8°C (0°F) and 4.4°C (40°F) for specimens 
notched at the centerline and fusionline respectively.  Standard 
impact specimens were machined and oriented as shown in Figure 9. 
Specimens were taken from 1/4 thickness position.  The notches were 
located by etching the weld prior to any cutting. Testing was per- 
23 formed according to ASTM specification E 23 
The second series of CVN tests involved determining the nature of 
the transition temperature range by performing tests over a range of 
service temperatures of the steel, namely between -40°C (40°F) and 
100°C (212°F).  The third series of tests involved testing'the impact 
properties of unnotched charpy specimens which had natural crack6 
serving as notches. 
Fractography 
The fractured surfaces of the specimens tested in FCP were ex- 
posed after the fracture toughness tests. The specimens were ultra- 
sonically cleaned in a bath of acetone.  Replicas were sequentially 
stripped from the crack surfaces to remove as much of the corrosion 
products as possible.  The fracture surfaces were viewed on a scan- 
ning electron microscope to observe the general morphology of the 
fracture and to characterize the nature of the natural cracks. 
TEM studies were carried out on replicas stripped from regions 
near the natural crack tips. The replicas were shadowed with chromium 
before being carbon coated to enhance the contrast.  The main aim of 
the study was to examine the possibility of fatigue at the cracks. 
15 
RESULTS AND DISCUSSION 
1.  Metallography 
The high heat input, the slow solidification and cooling rates 
experienced because of the welding method results in an outer coarse 
columnar grain structure (zone II) in the weldment. The interior 
24 
zone consists of thin elongated columnar crystals (zone I). Paton 
describes four different types of grain structure arrangements that 
can be produced in electroslag weldments as shown in Figure 14. All 
weldments studied were either of Type I with coarse and fine columnar 
crystal zones or Type III with only a coarse columnar zone. The 
relative amounts of coarse and fine columnar crystal structures vary 
from specimen to specimen. Figures 15 and 16 show the macrostruc- 
ture in the transverse plane of type III and type I weldments respec- 
tively. The zone II crystals start to solidify at the fusion line, 
grow inwards and in the direction of the welding as seen in Figure 2, 
which shows a longitudinal section of the weld. The equiaxed central 
zone is zone I which is a fine columnar grain structure oriented para- 
llel to the welding direction. 
Between the fusion line and the base metal two heat affected 
zones (HAZ) occur and are illustrated in Figures 17 and 18  HAZ I 
is a zone of grain coarsening that occurs because of overheating ex- 
perienced during welding. The grain size decreases steadily away 
from the fusion line as HAZ IIapproaches, which appears light in 
16 
the tnacroatructure shown in Figure 15 and is a region of grain re- 
finement . 
In the raicrostructure of zone II shown in Figure 19, the prior 
austenite grain boundaries are seen as a network of ferrite bands. 
In some regions the ferrite is seen as long acicular plates. The 
size and distribution of ferrite and pearlite within the primary crys- 
tal boundaries is known as the secondary structure and Figures 20 and 
24 show pearlite (dark) surrounded by ferrite (light) distributed 
in a Widmanstatten pattern and by grain boundary ferrite. This 
Widmanstatten ferrite is characterized by its acicfular appearance and 
is a nonequilibrium phase. The secondary structure appearing in 
zone I weld metal as illustrated in Figure 21 is usually consider- 
ably coarser that that of zone II weld metal. This is because of 
the formation of larger deposits of ferrite in zone I as a result of 
the slower cooling rate that it experiences during the austenite trans- 
formation. Figs. 22, 23 and 24 show the cracks and branching. 
In seven naturally cracked specimens copper was found.  Figure 
26 shows a scanning electron micrograph of copper along the crack. 
An energy dispersive spectrum (EDS) shown in Figure 27 confirms the 
presence of copper.  Copper globules were occasionally observed near 
the surface of the weld and cracks were observed to have eminated 
from every one of them as illustrated in Figure 28 and verified by 
an EDS shown in Figure 29. Obviously the solid copper shoes used to 
contain the molten slag and weld pool got heated to high enough tem- 
peratures to cause incipient melting of the shoes and contamination 
of the weld pool.  Consequently during solidification of the weld, 
17 
cracks occurred along the ferrite bands and were filled with the mol- 
ten copper as shown in Figure 30. 
2.  Chemical Analysis 
The chemical analysis carried out on the base plate, zone I and 
zone II of the weld are summarized in Table 1. The chemical com- 
positions that are reported here depict the overall alloy concentra- 
tions and do not give any indication of the manner in which the vari- 
ous elements are dispersed throughout the microstructure.  Zone I 
and zone II weld metal have virtually identical alloy compositions 
and the chemistry of the weld metal is similar to that of the base 
plate. 
3. Fatigue Crack Propagation 
The Paris equations for the specimens tested are tabulated in 
Table 2. Some of the computer plots of crack growth rate verses stress 
intensity factor range are presented in Figures 31 to 35   Figures 
36 and 37 are a combination of all data points for natural cracked 
and EDM notched specimens respectively. The two parallel lines on 
the plot indicate the scatter band for ASTM A-36 steel   *  , the 
base steel of the weldment investigated, and provides a suitable ref- 
erence with which to compare the fatigue crack growth behavior of the 
electroslag weldment. The average Paris equation for EDM specimens 
-10   3.3 
was found to be da/dN = 1.1 x 10  (AK) * and lies within the scatter 
band for A-36 base steel. The FCP behavior of the weldments are hence 
18 
similar to that of the base plate. 
Fatigue crack growth behavior of a centerline specimen J4 
(Figure 31)  lies within the scatter band indicating that the FCP 
rates within zone I of the weldment match that of the base steel. 
However, most of the specimens, EDM notched near the fusion line in 
/ 
the coarse grained zone II region of the weld, showed slower growth 
rates than that of the base material. This retardation effect has 
been attributed to compressive residual stresses introduced during 
welding.6 (Refer Figure 33) 
The variations in the microstructure of the weld metal caused 
marked differences in topographic features of the fatigue crack sur- 
faces as illustrated in Figures 38. and 39. 
These variations did not influence the crack propagation rates 
markedly as shown in Figures 31 and 32. 
Considerable resistance to crack propagation was encountered 
during pre-cracking (initial crack extension before.obtaining crack 
growth data) of the natural cracked specimens. The stress intensity 
factor range had to be increased to about 25 MPaynT to initiate growth 
growth of the natural cracks. The reason for this elevation of K, 
lies in the fact that the natural cracks were branched and did not 
always run perpendicular to the stress axis. No growth was found 
below a stress intensity factor range of about 8 MPa./"m because of 
the shielding effect of the multiple cracks. No attempt was made to 
model the branched crack geometry to calculate K_. An edge crack 
length used was the average of crack lengths on either side of the 
19 
specimen. The natural cracked specimens hence showed fatigue crack 
growth rates slower than the rate in the base plate at low stress 
intensity ranges, as shown in Figure 36. 
No crack growth measurements were made below AK = 4 MPav/nTfor 
EDM notched specimens, indicating that the maximum value of the thresh- 
27 hold was around AK «■ 4  Pa</Tn. Threshold studies  carried out on 
the natural cracks and EDM notched specimens indicated threshold 
values of 4-4 MPa -/W and 2-9 MPa Vm  respectively for the electroslag 
weldment taken from the same cores. 
4. Fracture Toughness 
An estimate of the fracture toughness of the weldment was deter- 
mined by the use of the,J-Integral technique. The results are tabu- 
lated in Table 3.  The average stress intensity factor K. as calcu- 
lated from the J-intergal value was 160 MPa>/m"at -17.8°C (0°F). The 
wide scatter in values of K. obtained can be-attributed to the orien- 
tation and size of the coarse columnar crystals of zone II. The weld 
center line showed the lowest toughness value. This is because the 
crack propogates through zone I parallel to the columnar grains. 
5. Tensile Test 
All tensile tests were conducted at room temperature and the re- 
sults are tabulated in Table 4. All weldments tested met the mini- 
mum tensile property requirements which require the deposited elec- 
troglag weld metal to match the properties specified for the base 
20 
plate   (in this case the base plate was A-36 steel)- Two of the 
specimens failed outside the gauge length and in the base metal in- 
dicating that the weld was stronger than the base plate.  The fail- 
ure of these two specimens were a typical cup and cone type of frac- 
ture. The other specimens which fractured in the weld had a jagged 
appearance since failures were along the columnar grains. Failures 
were noticed to occur in both zone I and zone II regions of the weld- 
ment and their tensile properties were similar. 
6. Charpy Impact Tests 
The CVN impact test results are presented in Table 5. Twelve 
center line specimens from eight weldments were tested at -17.8 C 
(0 F) and the average impact energy absorbed was 21.2J (15.6 J|t-lb ) 
Two high and two low values were eliminated in the calculation. 
There is a significant variation in CVN energy absorbed values de- 
pending on the location of the specimens. The weld centerline ex- 
hibited the lowest impact properties. The CVN energy absorbed values 
increased when the specimens were located at the weld fusion line. 
7.U  28 29 30 31 
Other references  »  •  >  » confirm this result.  This is to be ex- 
pected when consideration is given to the orientation of the grains 
with respect to the direction of crack propagation in the Charpy 
specimen. At the centerline, the crack propagates through the fine 
grain area (zone I) parallel to the columnar grains. The fracture 
surface showed a fine columnar structure and energy absorbed values 
as low as 6.8J (5 ft.lb ) have resulted. Even when the weld center- 
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line contained coarse grains of zone II, properties were inferior 
and the fracture appearance was a coarse columnar structure. 
Tests conducted near the fusionline resulted in higher energy 
absorbed values since fracture occured by crack propagation trans- 
verse to the length of the columnar grains resulting in a coarse 
equiaxed fracture appearance as shown in Figure 40.  The fracture 
appearance of some fusionline specimens do exhibit a mixed fine 
and coarse equiaxed grain structure at -40 C resulting in lower 
CVN energy values. 
Impact tests were also performed over a service temperature 
range of -40°C to 100°C  (212°F ).  The results of these tests are 
plotted as energy-transition temperature curves shown in Figure 
41.  Smooth curves were drawn through the average values at each 
temperature for both fusionline and centerline specimens.  The 
wide scatter in energy absorbed values at each temperature depicts 
the anisotropy of the weldment.  Such directional variation is ex- 
pected since the columnar gains can have different orientations from 
the direction of crack propagation. 
The three unnotched specimens which had natural cracks serving 
as notches at the fusionline showed high toughness values because 
the natural cracks were not perpendicular to the CVN specimen length. 
Fractography 
Examination of the fractured surfaces in the scanning election 
miscroscope (SEM) showed that the natural cracks were severely corroded 
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and any fine detail of the fracturing processes was obliterated. 
Figure 42 shows the intergranular crack along the long columnar 
grains. Corrosion products mask most of the microscopic details. 
Figure 43 is a SEM fractograph of the end of a natural crack. The 
bottom left region of the fractograph shows a cleavage fracture that 
resulted when the specimen was broken open at liquid nitrogen temper- 
ature. Figure 44 shows a dendritic structure of a copper deposit 
detected on the grain boundary of the columnar grains near the weld 
surface.  The copper was introduced when the solid copper 
shoes melted.    An energy dispersive spectrum of the dendritic re- 
gion, Figure 45, confirms the presence of copper. Fatigue striations 
in the weld metal obtained during the fatigue crack propagation test 
-4 
are shown in Figures 46 and 47.  The striation spacing was 1 x 10 mm. 
The fatigue crack propagation surface is unusually uneven and this may 
partly be attributed to the anisotropic nature of the microstructure. 
TEM examination of the replicas taken from the natural crack surfaces 
indicated mainly corrosion products.  There were,however,isolated re- 
gions near the crack tip where fatigue striations were noticed. Fig-, 
ures 48 and 49 show fractographs from two such specimens.  The stria- 
tion spacings in the two specimens were 9 x 10  mm and 7 x 10  mm. 
This corresponds to a K of 7.6 and 7.0 MPa^Trespectively. 
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DATA APPLICATION 
A)  Fatigue Analysis 
In order to determine if an existing flaw or crack is capable 
of growing, the stress intensity fluctuation range (AK) must be cal- 
culated.  If AK exceeds the value determined for threshold of fatigue, 
crack growth will occur.  In this "study the following conditions 
exist: 
Live load - 27.6 MPa (4Ksi) 
Dead load - 82.7 MPa (12 Ksi) 
AKth     - 4.4. MPa s/nT (4 Ksi ,/In) 
Using the expression for an infinitely long surace crack in a plate, 
the critical crack depth for the AK . may be calculated: 
AKth - Y Aa ^ 
where 
AKth - 4.4 MPa>/m~ 
Ao ■ stress range "27.6 MPa \/W 
a •» critical crack length for growth 
Y « l.lvT 
Therefore a - .0067 m (.26 in ) 
c 
Since cracks as large as ,0127m (.5 in. ) have been observed, it is 
evident that fatigue crack propagation will occur and has been con- 
firmed by the presence of fatigue striations. 
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B) Fracture Toughness 
The analysis can be taken one step further to find out if catas- 
trophic failure will occur. Using the formula for the plane strain 
facture toughness 
IC - Ya /a[ 
where K_c «• plane strain fracture toughness » 160 MPa>/m 
(159.1 Ksi>/S0 
a  - .176 m (6.9 ins) 
c 
Y - l.iv/n 
o  = dead load and live load * 110.3 MPa (16 Ksi) 
Therefore 
Since the critical crack size is greater than the flange thickness 
brittle fracture cannot occur in these members under static loading 
conditions above -17.8°C (0°F).  Flange thickness was 2.54cm (1.0 in.) 
It is to be recognized that these calculations are only approx- 
imate and apply to the model conditions used.  Higher rates of 
dynamic loading and lower temperatures could all reduce K_c to the 
point where brittle fracture can initiate. 
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CONCLUSIONS 
The following conclusions have been reached concerning 
electroslag weldments. 
1. The fatigue crack propagation rates of the electroslag weldments 
tested are similar to those of A-36 structural steel. The equa- 
tion of the least squares line through the fatigue data was de- 
termined to be: 
-rrr - 1.1 X 10   (AK) dN 
2. The fatigue crack propagation rates of natural cracks were con- 
siderably slower than those obtained from EDM notched specimens. 
3. The average fracture toughness (K,) calculated by correlation 
with the J-Integral was 160 MPa ♦/m~(159 Ksi /in) at -17.8°C 
(0°F). 
A. The average charpy impact energy absorbed at -17.8 C (0 F) was 
21.2 J (15.6 ft.lbs.). The impact resistance at the eenterline 
of the weldment was lower than those at the fusion line. 
5. Hot cracks were observed near the fusion line at or near the 
weld surface and were intergranular in nature. This high tempera- 
ture cracking was due to copper introduced into the weld metal 
by melting of the solid copper shoes. The cracks 
before service began. 
6. Fatigue striations were observed near the natural crack tip and 
indicate  that the natural cracks grew by fatigue.  Striation 
spacings of 7 x 10~ mm were measured and correspond to a stress 
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intensity fluctuation range of 7 MPa \fm. 
7.  Fatigue analysis indicate that conditions for fatigue crack 
propagation do exist and the cracks would grow under the applied 
loading conditions.     However brittle fracture is unlikely 
under static loading conditions above -17.8°C (0°F). 
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TABLE I 
J2HEMICAL ANALYSIS OF THE WELDMENT AND BASE PLATE 
Sample 
Element 
Base 
Plate 
Weld 
Zone II 
Weld 
Zone II 
Weld 
Zone I 
A-36 
Plate 
Mn 0.830 1.160 1.100 1.350 1.2 max. 
Ni 0.044 0.038 0,024 0.026 - 
Cr 0.010 0.033 0.021 0.010 - 
Cu 0.240 0.170 0.120 0.110 - 
Mo 0.005 0.005 0.005 0.005 -' 
V 0.010 0.010 0.010 0.010 - 
Al 0.010 0.010 0.010 0.010 - 
C 0.170 0.660 0.170 0.160 .12 max. 
P 0.009 0.010 0.020 0.009 .04 max. 
S 0.035 0.038 0.024 0.022 .05 max. 
Si 0.280 ■a 0.160 0.190 0.190 
" 
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TABLE 2 
FATIGUE CRACK PROPAGATION RATES 
OF ELECTROSLAG WELDMENTS 
SPECIMEN LOCATION NOTCH FCP RATE 
A2 
A3 
C6 
F3 
Fusionline  natural 7.4 x 10-9 AK2'64 
5.6 x 10~12 AK5,3 
2.1 x  10~13 AK5,8 
2.1 x  10~9    AK2,64 
E5 
E3 
EDM      2.5 x 10~8 AK3-29 
1.8 x 10"8 AK2,41 
J4 Center line it 3.9 X io"9 AK3'05 
K5 Fusionline it 2.6 X 10"11 AK5'09 
, M2 ii 6.4 X IO"9 AK2'98 
M3 it 4.5 X io'10 AK3'92 
M4 ■ " II 1.4 X IO"9 AK3'21 
N3 II 1.1 X io"11 AK4"78 
03 II 2.3 X io"8 AK2'02 
Average 1.1 x 10"10 AK3,3 
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TABLE 3 
FRACTURE TOUGHNESS OF WELDMENTS 
Specimen 
Temper- 
ature J - 2A/Bb KJ- JjE 
°C KN/M (lb/in) M Pay/m" Ksi^/In 
A2 -17.8 90.2 515 137 124.3 
B2 7.13 407 121 110.5 
B6 195.9 1119 201 183.3 
C6 199.8 1141 203 185.0 
D2 217,0 1239 212 192.8 
D3 154.5 882 179 162.7 
ES 195.8 1118 201 183.2 
F3 99.1 566 143 130.3 
K5 226.8 1295 217 197.1 
K7 13.1 75 52 47.4 
M2 163.7 935 184 167.5 
M3 244.1 1394 225 204.5 
M4 135.7 775 166 152.5 
N3 80.6 460 129 117.5 
03 304.0 1736 251 228.2 
Average 159.5 911 156 141,-0- 
J4 29.8 170 79 71.4 
A3 -40 71.8 410 122 111.0 
A5 251.8 1438 228 207.7 
D4 101.4 579 145 131.8 
E3 50.4 288 102 93.0 
16 24.0° 137 71 64.3 
K6 149.6 854 176 160.1 
02 133.8 764 166 151.4 
Average 111.9 639 144 131.0 
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TABLE 3 - continued 
Specimen 
Temper- 
ature J - 2A/Bb Kj ■= /JE" 
KN/M (lb/in)  M Pa /m"  Ksi ^in" 
E4 21.1 343.5 1956 266 
J2 21.1 351.5 2007 270 
Average 21.1 347.1 1982 268 
(242.3) 
(245.4) 
(243.8) 
All specimens are notched at the fusion line except J^ which 
is notched at the centerline. 
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TABLE 4 
TENSILE PROPERTIES OF THE WELDMENT AT 
ROOM TEMPERATURE 
Specimen 
Yield 
Strength 
Ultimate 
Strength 
Percen- 
tage 
Elonga- 
tion 
Percen- 
tage 
Reduction 
in Area MPa KSI MPA KSI 
G21 
H21 
329 
380 
47.7 
55.1 
499 
576 
72.4 
83.5 
22.5 
* 
47.6 
64.0 
141 334 48.4 490 71.0 20.0 51.4 
142 348 50.5 531 76.9 24.0 59.1 
151 347 50.3 501 72.7 24.5 52.8 
152 314 45.5 489 70.9 22.9 62.9 
K42 357 51.7 529 76.8 23.1 51.0 
K41 340 49.3 499 72.3 25.5 54.1 
051 312 45.2 477 69.2 26.7 62.1 
052 348 50.5 520 75.4 26.6 64.0 
Gl 303 43.9 446 64.7 25.7 64.5 
HI 344 49.9 516 74.8 * 64.0 
A36 248 
min 
36 
min 
400 
to 
552 
58 
to 
80 
20 
min. 
- 
* Specimens failed outside the gauge length. 
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TABLE 5 
CHARPY IMPACT TESTS OF THE WELDMENT 
Specimen 
Types of 
Position   Grains 
Temperature 
*C 
Energy 
Absorbed 
J (ft.lbs.) 
A3 Centerline Zone I -40 11.5 ( 8.5) 
E3 K ti II 12.2 ( 9.0) 
D4 ti ii II 9.5 ( 7.0) 
K7 it Zone 11 it 27.1 (20.0) 
Average ii - ii 15.1 (11.1) 
03 Fushionline Zone II ti 30.5 (22.5) 
J2 II II ti 8.1 ( 6.0) 
B3 II n ti 19.0 (14.0) 
N4 II II ti 29.2 (21.5) 
Average II it II 21.7 (16.0) 
A6 Centerline Zone I -17.8 19.7 (14.5) 
E3 II II II 23.7 (17.5) 
N3 it Zone II ti 16.3 (12.0) 
DA ii Zone I it 17.6 (13.0) 
17 ti II ti 27.8 (20.5) 
17 ii II II 19.7 (14.5) 
J6 II it H 26.4 (19.5) 
J6 II ti II 6.8 ( 5.0) 
N6 II Zone II it 9.5 ( 7.5) 
N6 it II ii 54.2 (40.0) 
07 M Zone II II 43.4 (32.0) 
07 It II it 18.3 (13.5) 
Average II - II 23.6 (17.5) 
03 Fushionline Zone II -17.8 34.6 (25.5) 
J2 it it ti 31.2 (23.Q) 
B3 it II II 71.9 (53.0) 
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TABLE 5 - Continued 
Specimen Position 
Types of 
firalns 
Temperature 
°C 
Energy                    1 
Absorbed 
J   (ft.lbs. 
NA it ti ti A2.0  (31.0) 
Average ii it ti 42.2   (33.1) 
A3 Centerline Zone I 4.4 35.9   (26.5) 
E3 II II it 31.2   (23.0) 
02 II Zone II it 35.9   (26.5) 
N3 it n II 54.9  (40.5) 
Average II - II 39.5  (29.   ) 
K5 Fusionline Zone II it 42.1   (31.0) 
K6 it II ti 23.0  (17.0) 
A7 •ii it ti 64.4  (47.5) 
E5 II ti ■t 70.5  (52.0) 
D5 " it ti 27.1  (20.0) 
D5 II it it 131.5  (97.0) 
D7 it it* it 88.1   (65.0) 
D7 ti II ti 37.3  (27.5) 
M5 II II II 122.0  (90.0) 
M5 
11
    . - 
ti II 98.9  (73.0) 
M7 it it it 73.9  (54.5) 
M7 II ti ti 64.4  (47.5) 
H n it ii 48.8  (36.0) 
H II it ii 52.2  (38.5) 
H it it n 33.9  (25.0) 
G Fushionline Zone II 4. 4 87.5  (64.5) 
G II it II 55.6  (41.0) 
G II it it 46.8  (34.5) 
G ■i ii it 82.0  (60.5) 
Average II ti ii 65.8  (48.5) 
A6 Centerline Zone I 26.7 
—. j— 
57.0  (42.0) 
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TABLE 5 - Continued 
Specimen Position 
Types of 
Grains 
Temperature 
°C 
Energy 
Absorbed 
J (ft.lbs.) 
E4 ii it it 43.4 (32.0) 
K7 ti II ti 54.0 (40.0) 
03 ti Zone II it 81.4 (60.0) 
N21 II ti II 82.7 (61.0) 
N71 it II ti 58.3 (43.0) 
J71 II Zone I II 14.9 (11.0) 
061 II Zone II II 62.4 (46.0) 
Average II - . tt 56.8 (41.9) 
E5 Fushionline Zone II ti 81.4 (60.0) 
K5 ti II it 58.3 (43.0) 
K6 it it ti 88.1 (65.0) 
121 II II it 93.6 (69.0) 
D61 II II it 82.0 (60.5) 
K21 n n tt 63.7 (47.0) 
M61 it II II 90.2 (66.5) 
Average ti II II 79.6 (58,7) 
N22 Centerline Zone II 49 69.8 (51.5) 
J72 it Zone I it 31.2 (23.0) 
J52 it it II 62.4 (46.0) 
042 II Zone II II 74.6 (55.0) 
Average II - it 59.5 (43.9) 
131 Fushionline Zone II II 105.8 (78.0) 
K31 it it II 103.1 (76.0) 
D62 n it it 123.4 (91.0) 
M62 it ti II 131.5 (97.0) 
Average ■■ II 100 115.9 (85.0) 
N72 Centerline Zone I ■I 97.6 (72.0) 
* 
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TABLE 5 - Continued 
Specimen Position 
Types of 
Grains 
Temperature 
0 
C 
Energy 
Absorbed 
J (ft.lbs.) 
J51 it 11 II 81.4 (60.0) 
062 it Zone II II 99.7 (73.5) 
041 ii «i II 103.7 (76.5) 
Average ii - ti 95.6 (70.5) 
132 Fushioline Zone II ii 104.4 (77.0) 
K32 11 tt 99.0 (73.0) 
122 II ii 122.0 (90.0) 
K22 II II 100.3 (74.0) 
Average II II 106.4 (78.5) 
A7 
NA 
Natural 
crack 
II 
i 
4.4 
II 
80.0 (59.0) 
183.0 (1350) 
N5 II II 264.4(195.0) 
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ELECTRODE  WIRE 
WIRE   FEEDER 
POWER 
SUPPLY 
MOLTEN   SLAG   POOL 
MOLTEN  WELD  POOL 
PLATES   BEING 
WELDED 
Figure 1.   Schematic of consumable guide electroslag welding (after Ref.x ). 
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10% Nital etch. 
Fig. 2 Metallographically polished and etched surface 
of a 10 cms core showing the large columnar 
grains of the weldment and the heat affected zone. 
38 
Fig.3 A 10 cms core electron beam welded into a A-36 steel plate 
Fig. 4 Core sliced into 1.27cm thick bars. 
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da 
dn 
Reqion I 
^  
Threshold  '  j      Growth 
Region III 
•w—=— •> 
FIG.   5     THREE   REGIONS   OF   FATIGUE 
CRACK  GROWTH. 
40 
1        2        3 
Number of Cycles (millions) 
Figure 6. Fatigue crack growth curve under constant 
amplitude loading. 
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Number of Cycles 
FIG.7 3 POINT SECANT METHOD 
OF DETERMINING SLOPE. 
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1.27cm~~^>2^ •' + * 
K>4 A 
W =2.76 
to 3.3cm   '' 
10.2cm 
LOAmriG 
^ 
2.54cm 
LOADING 
L=15.3cm 
^ 
FIG. 8 DIMENSIONS OF BEND SPECIMENS. 
4> 
WELD      ' 
METAL   / 
/ 
"7" 
■f- 
V V 
)C [1 
■f- 
1.27 cms 
/ 
0 
Figure 9. Orientation of A- Fatigue crack propagation direction 
B- Tensile specimens 
C- CVN specimens 
Fig. 10 Amsler Vibrophore and Garret microscope. 
t^ii 
Fig.11 Set up to determine the fracture toughness 
useing the J-Integral technique. 
Fig. 12 A close up of the 3 point bend specimen with 
the clip gauge attached to measure the displacement. 
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3 o 
0-2    0.3    0.4 
DISPLACEMENT ( MM ) 
0.5    0.6 
Figure 13. Load displacement curve. 
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-ZONE ZONE   I ZONE 2 
TYPE  IH TYPE EZ 
Figure 14 Sketch of electroslag joint types, longitudinal 
section through the weld. Type I - coarse (Zone 2) and fine 
(Zone 1) columnar crystals. Type n - Zones 1 and 2 plus 
coarse, equiaxed crystals (Zone 3). Type HI - all Zone 2 
crystals.   Type IV - all Zone 1 crystals (after Ref. 24 )• 
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10S Nifcal etch. 
Fig. 15 A transverse section of type IIT weldment 
showing only coarse columnar grains. 
10% Nital etch. 
FiglfiA transverse section of type I weldment showing 
both coarse and fine columnar grains. 
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ww 
/'/     - " •/ - 
.1 i. s<\.- 
•t>v.    - >.•?: 
^- -.;;- 
Mag.  40X 
2% Nital etch. 
Fig.   17 Coarse grained heat affected zone I 
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Mag. 40 X 
2% Nital etch. 
Fig. 18 Fine grained heat affected zone II, 
52 
Mag. 40 X 
2X  Nital etch. 
Fig.19 Coarse columnar grains near the weld center. (Zone II) 
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1
 Mag. 40 X 
2% Nital etch. 
Fig. 20 Coarse grains (zone H) near the fusion line. 
54 
Mag. 40 X 
2% Nital etch. 
Fig. 21 Fine grains (zone I) near the center of the weld. 
55 
Mag. 3/4 X 
2% Nital etch. 
Fig. 22 Cracking along the fusionline. 
56 
Mag. 2 X 
10% Nital etch 
Fig. 23 Transverse section of the weldment showing 
intergranular cracks near the fusion line. 
57 
Mag. 125 X 
2% Nital etch. 
Fig. 24 Crack propagation along the ferrite band. 
58 
Mag. 125 X 
2% Nital etch. 
Fig. 25 Crack branching along the ferrite network. 
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Copper 
Mag. 1000 X 
2% Nital etch. 
Fig. 26 SEM photograph of a crack filled with copper. 
Fig. 27 EDS of the above region. 
60 
Copper 
globule 
Mag. 120 X 
2X  Nltal etch. 
Fig. 28 SEM photograph of a crack eminating from a copper 
globule. 
Fig. 29 EDS of the above copper particle. 
61 
Copper 
globule 
Mag. 40 X 
2% Nital etch. 
Fig. 30 Intergranular cracks along the ferrite bands. 
Note the copper globule and the crack eminating 
from it. 
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Mag. 3 X 
B 
Fig.40 Typical fractured CVN specimens, 
A - Fine columnar structure. 
B - Coarse equiaxed structure. 
C - Coarse columnar structure. 
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Fig.43 SEM fractograph of the natural crack tip. 
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Fig.44 SEM fractograph showing dendritic copper 
on the intergranular crack surface. 
Fig.45 An EDS of the dendritic region shown above. 
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Fig.46 SEM fractograph showing fatigue striations 
in the weldment. 
75 
Mag. 5000X 
Fig.47 SEM fractograph showing fatigue striations 
in the weldment. 
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Fig.48 TEM fractograph of a replica taken from the 
tip of the natural crack. 
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Fig.49 TEM fractograph of a replica showirig fatigue 
striations at the tip of the natural crack. 
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